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Clinical Algorithm for Improved Prediction
of Ambulation and Patient Stratification
after Incomplete Spinal Cord Injury
Bjo¨rn Zo¨rner,1,2 Wolf U. Blanckenhorn,3 Volker Dietz,1 EM-SCI Study Group,4 and Armin Curt1
Abstract
The extent of ambulatory recovery after motor incomplete spinal cord injury (miSCI) differs considerably
amongst affected persons. This makes individual outcome prediction difficult and leads to increased within-
group variation in clinical trials. The aims of this study on subjects with miSCI were: (1) to rank the strongest
single predictors and predictor combinations of later walking capacity; (2) to develop a reliable algorithm for
clinical prediction; and (3) to identify subgroups with only limited recovery of walking function. Correlation and
logistic regression analyses were performed on a dataset of 90 subjects with tetra- or paraparesis, recruited in a
prospective European multicenter study. Eleven measures obtained in the subacute injury period, including
clinical examination, tibial somatosensory evoked potentials (tSSEP), and demographic factors, were related to
ambulatory outcome (WISCI II, 6minWT) 6 months after injury. The lower extremity motor score (LEMS) alone
and in combination was identified as most predictive for later walking capacity in miSCI. Ambulatory outcome
of subjects with tetraparesis was correctly predicted for 92% (WISCI II) or 100% (6minWT) of the cases when
LEMS was combined with either tSSEP or the ASIA Impairment Scale, respectively. For individuals with
paraparesis, prediction was less distinct, mainly due to low prediction rates for individuals with poor walking
outcome. A clinical algorithm was generated that allowed for the identification of a subgroup composed of
individuals with tetraparesis and poor ambulatory recovery. These data provide evidence that a combination of
predictors enables a reliable prediction of walking function and early patient stratification for clinical trials in
miSCI.
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Introduction
Sensory-motor impairment after acute spinal cord injury(SCI) is determined by the neurological level of injury and
the completeness of the lesion (Bracken et al., 1980; Coleman
and Geisler, 2004). Among all subjects with SCI, 40–50% are
‘‘motor incomplete’’ (DeVivo, 2007) and classified as C or D on
the ASIA Impairment Scale (AIS), depending on the degree of
preserved motor function below the level of injury (Interna-
tional Standards of Neurological Classification, American
Spinal Injury Association [ASIA]) (Marino et al., 2003).
In motor complete SCI (AIS A and B), changes in the AIS
(conversion rates) and ASIA motor scores are preferentially
used as primary outcome measures. Assessment of walking
ability is less applicable as most of these patients are initially
non-ambulatory and show only limited spontaneous recovery
(Fawcett et al., 2007; Geisler et al., 2001; Waters, 1996). In
contrast to motor complete SCI, conversion rates and ASIA
motor scores are regarded as less sensitive outcome measures
in motor incomplete SCI (miSCI, AIS C and D) due to the
substantial improvements often seen after injury (ceiling
effect) (Fawcett et al., 2007; Geisler et al., 2001). In miSCI,
standardized walking tests (6min, 10m) or qualitative scales
ofwalking ability (walking index for SCI,WISCI II) arewidely
used as measures of functional recovery (Ditunno et al., 2007,
2008a; Jackson et al., 2008; vanHedel et al., 2005), even though
a significant proportion of these patients show no or only
partial restoration of ambulatory function. Thus, recovery of
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walking ability is highly variable in miSCI, ranging from
subjects with very limited standing=stepping capacity (i.e.,
requiring body-weight support, physical assistance, technical
aids) to individuals with almost normal walking function
(Fawcett et al., 2007). For this reason, prediction of walking
outcome at an early stage after injury is difficult (Schonherr
et al., 2000) but of great value for both selecting an optimal
rehabilitation program and for stratifying patients for clinical
studies.
The early identification of subgroups based on reliable
outcome predictors might enhance the feasibility and success
rate of interventional clinical trials in miSCI by reducing the
within-group variability and preventing an a priori imbalance
between different treatment groups (Geisler et al., 2001;
Ragnarsson et al., 2005). These outcome predictors could
serve as inclusion or exclusion criteria for defining subgroups
of subjects with miSCI (Fawcett et al., 2007). In particular,
miSCI subjects with an expected unfavorable outcome of
ambulation might benefit from specifically tailored rehabili-
tation efforts or interventional therapies that enhance neuro-
plasticity and repair (Barritt et al., 2006; Bradbury and
McMahon, 2006; Raineteau and Schwab, 2001; Schwab, 2004).
Therefore, the aim of this study in miSCI was to identify the
strongest single and combined predictors of walking outcome
in individuals with tetra- or paraparesis, allowing reliable
prognosis and early subgrouping of patients.
Methods
Patient selection and general procedures
Subjects were selected from a prospectively gathered Eu-
ropean database and admitted between 2001 and 2005 to
acute care and rehabilitation hospitals in Switzerland, France,
or Germany within a European Multicenter project (EM-SCI).
Subjects with tetra- or paraparesis were included if full in-
formation about all predictive and outcome measures within
a 6-month follow-up were available. Ethical approval and
informed consent were signed, and patients were aged 18 or
older at the time of injury. Only patients who were graded C
and D according to the ASIA Impairment Scale, i.e., miSCI
subjects in the subacute phase (within 16–40 days) after SCI,
were considered for analysis. Subjects with motor complete
SCI (AIS A and B) were excluded from this study. Other ex-
clusion criteria were inconsistent datasets and the presence of
general medical, neurological, or psychiatric disorders inde-
pendent of SCI and interfering with clinical recovery. Motor
and sensory examinations were performed according to the
standards of the American Spinal Injury Association (Marino
et al., 2003). Correlation and logistic regression analysis, as
well as the development of a predictive algorithm, were based
on a dataset of 90 subjects with miSCI for the WISCI-II-based
analyses who had at least two combined examinations within
the first 6 months after injury. For 3 out of these 90 subjects,
6-min walking-test (6minWT) results were not available. This
reduced the number of subjects for the 6minWT-based ana-
lyses to 87. Important characteristics of these subjects are
summarized in Figure 1A.
Predictive measures
Eleven predictivemeasures, obtained in the subacute phase
after injury and belonging to three categories (demography,
electrophysiology, and neurological examination), were con-
sidered as potential predictors of walking capacity 6 months
after injury. Demographic factors were gender and age at the
time of injury. Somatosensory-evoked potentials (SSEP) were
recorded after stimulation of the posterior tibial nerves
(tSSEP) of both legs and were scored as described previously
(Curt and Dietz, 1997). Briefly, the P40 latencies and response
amplitudes were scored as: 1, no response; 2, pathological P40
latency and pathological configuration of the response; 3,
delayed P40 latency with normal amplitude; 4, normal P40
latency with reduced amplitude; and 5, normal P40 latency
and amplitude. Since stimulationwas performed on both legs,
asymmetric injuries could result in divergent SSEP scores
between legs. In these cases, both scores were used for sta-
tistical analysis (tSSEPmin and tSSEPmax). Thus in cases of
identical scoring of both legs, tSSEPmin and tSSEPmax were
equal. Data obtained from clinical examinations included
ASIA motor scores (MS), lower- and upper-extremity motor
subscores (LEMS and UEMS) (Marino and Graves, 2004), pin
prick (PP), light touch (LT), ASIA impairment scale (AIS), and
the neurological level of injury (NLI). In subjects with para-
paresis, the UEMS was generally 50 (except in one patient). It
could be expected that the predictors UEMS and MS do not
provide any supplementary information in addition to the
LEMS in subjects with paraparesis, and were therefore only
analysed for subjects with tetraparesis. Consequently, 11
different single predictors were evaluated for subjects with
tetraparesis and 9 for subjects with paraparesis. Clinical and
electrophysiological data were acquired in the subacute phase
(between day 16 to 40) after miSCI, since clinical measure-
ments in this phase are considered reliable and valid (Waters,
1996).
Outcome measures
For evaluation of walking function in the chronic phase
after SCI (6 months post-injury), WISCI II (Ditunno et al.,
2000, 2008a; Jackson et al., 2008; Morganti et al., 2005) and the
6minWT (van Hedel et al., 2005, 2006) were used. For the
logistic regression analysis, as well as for the development of
the algorithm, it was necessary to dichotomize the outcome
and to assign subjects to one of two groups according to their
walking capacity 6 months after injury. One group consisted
of ‘‘independent’’ walkers able to walk without any assistance
or device (WISCI II score of 20). In the other group, referred
to as ‘‘dependent’’ walkers, subjects required bars, canes=
crutches, braces, or human assistance (WISCI II score 19).
Another approach used the 6minWT results for the binary
classification of miSCI subjects. A walking speed of 0.6m=sec
(i.e., 216m=6min) was defined in order to separate ‘‘func-
tional’’ from ‘‘non-functional’’ walkers. The expression ‘‘func-
tional’’ refers to walking ability necessary to overcome some
challenges of everyday life, e.g., to cross a road within the
green=safety phase of pedestrian traffic lights. An average
walking velocity of 0.6m=sec is regarded sufficient to cross a
road within this time period (Swiss standards) and has been
used in previous studies to characterize walking capacity
(Dobkin et al., 2007).
Statistical analysis
All statistical calculations and data processing were per-
formed with SPSS statistical software for Windows (V14.0;
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SPSS, Inc., Chicago, IL). Multiple correlation analyses of in-
dependent (predictors) and dependent (outcome of walking
tests) measures were performed. This provided early evi-
dence for potentially important predictors of walking capac-
ity 6 months after injury and allowed comparisons with other
studies in the field. The predictor gender was excluded only
for themultiple correlation analysis, which requires ordinal or
continuous measures, but was included for the logistic re-
gression analysis and the generation of the algorithm (see
below). In addition, correlations among the different inde-
pendent measures were evaluated to indicate potential re-
dundancy. Spearman rank correlation coefficients (rs) were
used to determine the relationship between two variables
because of the non-parametric properties of themajority of the
collected data. The degree of correlation was ranked: rs 0.25
as absent, rs> 0.25 and ¼0.5 as poor, rs> 0.5 and ¼0.75 as
moderate, and rs> 0.75 as high.
Multiple logistic regression analyses were performed to
identify the most important predictors of walking function
and to determine their contribution to prediction (Burnett
et al., 2000; Eftekhar et al., 2005; Linder et al., 2006; Rowland
et al., 1998). This analysis was based on the dichotomous
outcome classification and included all predictors. Stepwise
forward and backward, as well as single-predictor regres-
sions, were performed. For stepwise procedures, p values
were set at <0.05 for entry and removal of a variable. The
selection of predictors by stepwise forward or backward
regression was occasionally inconsistent depending on the
type of statistical test applied (conditional test, Wald test,
Likelihood-Ratio test [LR]). To confirm that the models sug-
gested by different stepwise procedures do in fact fit the data
best, Akaike’s information criterion (AIC) corrected for small
sample sizes (AICc) and the 2log likelihood were used to
compare a total of 66 or 45 different statistical models for
subjects with tetraparesis or paraparesis respectively. These
models consisted of either one single predictor or a combi-
nation of any two predictors. AIC identifies the most parsi-
monious model of a large number of models as that with the
highest predictive (i.e., r-squared) value whilst minimizing
the number of explanatory variables (Akaike, 1974; Burnham
and Anderson, 2002). The derived differences of any model to
the best model, DAICc, enables ranking wherebymodels with
a DAICc< 2 can be regarded as equivalent. The best models
are characterized by low 2log likelihood and AICc. By
means of these values and the percentage of correct classifi-
cation, we were able to identify the models exhibiting the
highest predictive potential of walking ability given our data
set.
Algorithm
We designed two algorithms for outcome prediction in
miSCI by classifying subjects according to their walking per-
formance 6 months after injury (dichotomous classification of
WISCI II or 6minWT) and the main predictors as identified by
our logistic regression analysis described above. To avoid the
formation of subgroups that were too small, thus hindering
reliable data interpretation, only the strongest combination of
two predictors for subjects with tetra- or paraparesis were
considered in the algorithms. Threshold values for the best
FIG. 1. Clinical characteristics (A) of subjects with miSCI and walking performance (B and C) 6 months after injury. Most of
the subjects who were initially scored as ASIA C in the subacute stage eventually converted to ASIA D. WISCI II scores and
walking velocity in the 6minWT indicate an overall better outcome of walking function in subjects with paraparesis. Note
that more than 20% of the subjects with tetraparesis did not recover any walking ability (WISCI II score¼ 0, walking
velocity¼ 0m=sec) 6 months after injury. Box size represents percentage of subjects, with absolute numbers indicated inside.
Arrows signify the thresholds used in the algorithms to dichotomize the walking test outcome.
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predictor variable were obtained by the inflection point of the
sigmoid curve fitted by the logistic regression analysis, de-
noting a predicted probability of 0.5. At this value a subject
has an equal probability of being classified as ‘‘dependent’’
versus ‘‘independent’’ walker (WISCI II) or ‘‘non-functional’’
versus ‘‘functional’’ (6minWT) walker. The best predictors as
well as the respective thresholds differed for subjects with
tetra- or paraparesis and were dependent on the outcome
measure used (see Results). For the WISCI-II-based algo-
rithm, calculated thresholds for the best predictors were:
LEMS¼ 26.9 and tib.SSEPmin¼ 2.1 for subjects with tetra-
paresis, and LEMS¼ 19.2 and PP¼ 89.9 for subjects with
paraparesis. For the 6minWT-based algorithm, the following
thresholds were determined: LEMS¼ 25.5 for subjects with
tetraparesis (the second predictor AIS comprised only two
levels, i.e., AIS C or D), and LEMS¼ 14.1 and age¼ 61.4 years
for subjects with paraparesis. For practical reasons, rounded
threshold values were used in the algorithms.
Results
Outcome of walking function
Subjects with tetra- or paraparesis achieved average
WISCI II scores of 13.6 8.4 (median¼ 20) or 17.9 4.1
(median¼ 20) respectively, six months after injury. Within
6min (6minWT), subjects with tetraparesis were able to
walk a mean distance of 284 235m (paraparetic subjects:
376 209m). Fifty-two out of 90 subjects scored 20 on the
WISCI II scale 6 months after miSCI, i.e., 58% of the individ-
uals were able to walk independently without any assistance
or device. In subjects with tetraparesis, 27 of 51 (53%) reached
a WISCI II score of 20. However, 25 out of 39 (64%) subjects
with paraparesis achieved the maximal WISCI II score, indi-
cating a better outcome for individuals with paraparesis
compared to those with tetraparesis (Fig. 1B). This was con-
firmed by the 6minWT results, which showed that 57% of
subjects with tetraparesis and 79% of subjects with parapar-
esis were able to reach a walking velocity of 0.6m=sec (Fig.
1C). In addition, a considerable overlap betweenWISCI II and
6minWT results was observed when assignment to our di-
chotomous outcome groups was compared (‘‘independent’’
vs. ‘‘functional’’ and ‘‘dependent’’ vs. ‘‘non-functional’’ walk-
ers). Only 12% of the subjects were categorized differentially
(6% tetraparetic, 18% paraparetic). In particular, for subjects
with tetraparesis, results of the 6minWT (57% ‘‘functional’’
walkers) were very similar to the WISCI II outcome (53%
‘‘independent’’ walkers). In contrast, 79% of the subjects with
paraparesis were scored as ‘‘functional’’ (6minWT), but only
64% as ‘‘independent’’ walkers (WISCI II). This result is re-
flected by a stronger correlation between the two walking
tests in subjects with tetraparesis (rs¼ 0.88) compared to those
with paraparesis (rs¼ 0.5).
Single predictors of walking capacity
Correlations of all predictor variables, except for the nom-
inal predictor gender, with the WISCI II and the 6minWT
outcome are presented in Figure 2. In subjects with tetrapar-
esis, MS and LEMS correlated strongly with the outcome of
both walking tests. Only weak correlations between walking
tests and tSSEP scores were found in these subjects, whilst age
andNLIwere not related to the outcomemeasures. In subjects
with paraparesis, only a moderate correlation (maximal value)
between LEMS and the 6minWT result was detected in addi-
tion toweak correlations between the ambulatory outcome and
PP, AIS, or tSSEP. However, a weak negative correlation be-
tween the 6minWT outcome and agewas observed for subjects
with paraparesis. Correlation coefficients between predictors
and outcome measures were generally lower for subjects with
paraparesis compared to individuals with tetraparesis. In both
patient groups, high correlations between some of the predic-
tors were found. In particular, PP and LT were strongly asso-
ciated (rs¼ 0.80 or rs¼ 0.69 for subjects with tetraparesis or
paraparesis respectively), suggesting some redundancy in the
clinical sensory measures. Interestingly, correlations between
tSSEP and PP=LT were generally weak or absent, except for a
moderate correlation of PP and tSSEPmin in subjects with tet-
raparesis (rs¼ 0.65). For subjects with tetraparesis, the outcome
of both walking tests was highly correlated (rs¼ 0.88, and for
subjects with paraparesis rs¼ 0.5)
In addition to the multiple correlations, logistic regression
analyses based on the previous defined dichotomous outcome
classification (derived from the WISCI II or the 6minWT re-
sults, see Methods) were performed separately for every sin-
gle predictor. Strikingly, for both walking tests and for
subjects with tetra- and paraparesis, the LEMS was identified
as the best single predictor of walking outcome (correct pre-
diction rates: subjects with tetraparesis¼ 90% for WISCI II
and 90% for 6minWT; subjects with paraparesis¼ 67% for
WISCI II and 90% for 6minWT; see also Fig. 3 and Supple-
mentary Table [see online supplementary material at http:==
www.liebertonline.com]). PP and tSSEPmax were only found
to be as strong predictors as the LEMS for subjects with
paraparesis and the WISCI-II-based outcome classification.
The result of the logistic regression analysis for single
predictors, i.e., that LEMS is the most predictive measure for
walking outcome, is in line with the results of the multiple
correlation analysis (Fig. 2), demonstrating the highest cor-
relation coefficients between LEMS and the outcome of both
walking tests for subjects with tetra- or paraparesis.
Combining predictors of walking capacity
In subjects with tetraparesis, forward (conditional, Wald,
and LR) and backward (Wald only) logistic regression ana-
lyses identified the combination of LEMS and tSSEPmin as the
best statistical model for categorizing patients as ‘‘dependent’’
or ‘‘independent’’ walkers (WISCI-II-based analysis). For
prediction of the 6minWT outcome (‘‘functional’’ vs. ‘‘non-
functional’’ walkers), the combination of LEMS and AIS was
found as the most predictive model (forward: conditional,
Wald, and LR; backward: LR only). To confirm the findings of
the stepwise procedure, all models combining two different
predictors (55 possible combinations) were compared using
the DAICc (preferably low) and the percentage of correct
prediction (preferably high) as quality criteria (Supplemen-
tary Table [see online supplementary material at http:==
www.liebertonline.com]). Combining the LEMSwith another
predictor resulted in considerably smaller DAICc values in
comparison to models that include only the LEMS (Fig. 3).
This was true for both walking tests and subjects with tetra-
and paraparesis, indicating that the combination of the LEMS
with another predictor improves outcome prediction. For
subjects with tetraparesis, the combinations of LEMS and
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tSSEPmin (WISCI II) or AIS (6minWT) were superior to all
other models (Supplementary Table [see online supplemen-
tary material at http:==www.liebertonline.com]) as suggested
by the stepwise procedure. These predictor combinations
correctly classified the walking outcome of 92% (WISCI II) or
even 100% (6minWT) of cases with tetraparesis (Table 1). The
best models for walking-outcome prediction in subjects with
tetraparesis can be expressed by the equations:
Z¼ 10:96þ 0:28 (LEMS)þ 1:51 (tSSEPmin) (WISCI II)
Z¼ 354:02þ 10:24 (LEMS)þ 61:96 (AIS) (6minWT)
In subjects with paraparesis, forward (conditional and LR)
and backward (conditional, Wald, and LR) logistic regression
identified the combination of LEMS and PP as the most pre-
dictive model for the dichotomized WISCI II outcome. Com-
parison of the models revealed two combinations among the
36 alternatives as the best models (Fig. 3 and Supplementary
Table [see online supplementary material at http:==www
.liebertonline.com]). The first model combining LEMS and PP
resulted in 82% correct predictions, while the second model
with LEMS and AIS correctly predicted 77% of the cases.
Despite this difference in the percentages of correct predic-
tions, both models can be regarded as equivalent because
DAICc< 2. However, for the algorithm, the first model com-
bining LEMS and PP was used because of the result of the
stepwise logistic regression procedure.
When the ability to achieve an average walking speed of
0.6m=sec in the 6minWT was used as a criterion for recovery
of ambulatory capacity (‘‘functional’’ vs. ‘‘non-functional’’
walkers), forward (Wald only) and backward (Wald only)
stepwise logistic regression identified the combination of
LEMS and age as the best model. Again, this result was con-
firmed by comparison of the DAICc values (Supplementary
Table [see online supplementary material at http:==www
.liebertonline.com]). However, adding age to the LEMS did
not increase the percentage of correct predictions despite the
calculated 2log likelihood and AICc values being consider-
ably reduced in comparison to the LEMS-only model (Sup-
plementary Table [see online supplementary material at
FIG. 2. Correlation coefficients of different predictors with the WISCI II (A) and 6minWT (B) results obtained 6 months after
SCI in subjects with tetra- (black) or paraparesis (grey). ASIA motor scores (MS=LEMS) and, to a lesser extent, sensory scores
(LT=PP) and tSSEPs are strongly correlated with WISCI II and 6minWT outcome. Overall, correlation coefficients are higher
in subjects with tetraparesis than with paraparesis. Abbreviations: ASIA motor scores (MS), lower and upper extremity motor
subscores (LEMS and UEMS), light touch (LT), pin prick (PP), ASIA Impairment Scale (AIS), lowest and highest tSSEP score
(tSSEPmin and tSSEPmax), neurological level of injury (NLI). *Rank correlation is significant at the p< 0.01 level, two-tailed.
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http:==www.liebertonline.com]). This suggests that the model
comprising LEMS and age is more predictive of outcome,
although, in this case, this is not reflected by a higher per-
centage of correct predictions. Based on the logistic regression
result, i.e., the 2log likelihood and AICc values, age was
included as a second outcome predictor in the 6minWT-based
algorithm. Accordingly, the best models for outcome prog-
nosis of individuals with paraparesis can be described by the
following equations:
Z¼ 13:39þ 0:1 (LEMS)þ 0:12 (PP) (WISCI II)
Z¼ 0:28þ 0:28 (LEMS) 0:09 (Age) (6minWT)
Percentages of correct predictions were, in general, lower in
subjects with paraparesis compared to subjects with tetra-
paresis. As illustrated in Table 1, this was exclusively due to a
weak outcome prediction for subjects with paraparesis and
poor recovery of ambulatory capacity (‘‘dependent’’ or ‘‘non-
functional’’ walkers).
Clinical algorithm for prediction of locomotor outcome
Two algorithms were generated to categorize individuals
with miSCI based on the most predictive combinations for
walking outcome, namely the LEMS in combination with
tSSEPmin, PP, AIS, or age (Fig. 4). Thresholds were derived
from the logistic regression analysis as described in the
Method section. Subjects with both predictor scores above
threshold values were likely to become ‘‘independent walk-
ers’’ (WISCI II) or ‘‘functional walkers’’ (6minWT) 6 months
after injury. This was the case for 16 of 17 subjects with tet-
raparesis in the WISCI-II-based algorithm, demonstrating
that individuals with miSCI that have initially high predic-
tor scores show a favourable ambulatory outcome. Con-
versely, patients with both predictive scores below threshold
values belonged predominantly to the group of patients that
needed support during ambulation 6 months after injury or
did not achieve an average walking velocity0.6m=sec in the
6minWT. For each algorithm, a subgroup of 14 subjects with
tetraparesis and both predictive scores below threshold val-
ues was generated. A striking feature, in common for all of
these subjects, was that they demonstrated only very poor
recovery of walking function: 9 (WISCI II) or 12 (6minWT)
subjects showed no ambulatory function 6 months after in-
jury, i.e., WISCI II¼ 0 or walking velocity¼ 0m=sec respec-
tively. It should be noted that 10 of the 14 subjects assigned to
the subgroups based on either the WISCI II or the 6minWT
outcome were the same individuals.
FIG. 3. Main results of logistic regression analysis are summarized for subjects with tetra- or paraparesis. Based on the
WISCI II or 6minWT outcome 6 months after injury, either one or a combination of two predictors was used to classify
subjects with miSCI as ‘‘dependent’’ or ‘‘independent’’ and ‘‘non-functional’’ or ‘‘functional’’ walkers respectively. Good
logistic regression models are characterized by high percentages of correct prediction and low DAICc values. The AIC is
a measure of the ‘‘goodness of fit’’ and allows appraisal and comparison of statistical models. In subjects with tetra- or
paraparesis, models including the LEMS in combination with another predictor (tSSEP, PP, AIS, or age) are superior to all
other possible combinations (see online supplementary data at http:==www.liebertonline.com). The best models, identified by
comparison of the DAICc values, are highlighted in grey. Abbreviations as in Figure 2.
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Subjects with divergent predictor values, i.e., one score
below and one score above threshold values, showed no clear
bias toward either of the outcome groups. In addition, if only
one predictor variable was used for algorithmic grouping of
the subjects with miSCI, the resulting subgroups were less
homogenous with respect to their ambulatory capacity (al-
gorithms not shown). For instance, when only the LEMS was
applied for classification of subjects with tetraparesis in the
WISCI-II-based algorithm, the subgroup of patients with
LEMS scores 25 was composed of 3 ‘‘independent’’ and 19
‘‘dependent’’ walkers. Consequently, the assumption that all
subjects with tetraparesis and LEMS scores25 early after SCI
depend on walking assistance 6 months after injury would
have been correct in 86% of the cases (19=22). Including the
tSSEPmin classification as a differentiating factor into the
WISCI-II-based algorithm led to a more distinct picture (Fig.
4): 100% of patients with LEMS 25 and tSSEPmin 2 were
‘‘dependent’’ walkers (14=14). The situation was similar for
subjects with tetraparesis, where a LEMS score >25 and
tSSEPmin score >2 indicated a good walking outcome and
also for the 6minWT-based algorithm. This suggests that a
second variable allows a more reliable prediction. The typi-
cally lower correct prediction rates in the logistic regression
analyses for subjects with paraparesis and poor recovery of
ambulatory capacity is also reflected in both algorithms,
showing only a limited stratification of subjects with para-
paresis and poor recovery of walking function (left branches
for subjects with paraparesis).
In summary, the results suggest that prediction and early
patient stratification based on these algorithms is applicable
to subjects with both predictor scores either above or below the
threshold values (termed ‘‘strong prediction’’ in Fig. 4), at least
for patients with tetraparesis.
Discussion
According to a recent study by Ditunno and associates
(2008b) entitled ‘‘Who wants to walk?’’ walking function has
‘‘a high priority for recovering’’ after SCI. Early prediction of
later locomotor outcome is of major importance for patients,
their families, and clinicians. The aim of the study was to
identify measures that enable an early prediction of ambula-
tory outcome in subjects with miSCI. This study showed that
a reliable prediction of walking function can be achieved by
combining different measures obtained in the subacute phase
after injury. Two algorithms were developed that could
identify subgroups of patients with either poor or favourable
recovery of walking function.
Table 1. Classification Table for Subjects with miSCI.
Subjects were either correctly (observed outcome¼predicted outcome) or incorrectly (observed outcome=predicted outcome) classified
by the best logistic regression models. Regardless of the walking test selected for outcome quantification, percentages of correct prediction
were generally lower for subjects with paraparesis than for subjects with tetraparesis. Note that this was mainly due to an inaccurate
classification of subjects with actual poor recovery of walking function, i.e., for these subjects a walking status of ‘‘independent’’ or
‘‘functional’’ was incorrectly predicted.
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FIG. 4. Proposed algorithm for predicting walking capacity by means of predictors obtained in the subacute phase after
miSCI. Dichotomization of walking outcome was either based on the WISCI II (A) or the 6minWT (B) performed 6 months
after injury. The main predictors and threshold values were separately identified in the logistic regression analysis for both
walking tests and subjects with para- or tetraparesis. The likelihood of correct prediction of walking capacity is higher for
subjects with predictor scores either above or below the threshold values (outer branches of trees for subjects with tetra- or
paraparesis) with the exception of subjects with paraparesis and poor walking outcome (see also Table 1). The branches with
strong prediction of walking outcome are indicated by a bold line at the bottom of the algorithms. For instance, it could be
assumed that all subjects with tetraparesis and both predictor scores above the threshold would be able to walk indepen-
dently 6 months after injury (A). This assumption is supported by the finding that 16 out of 17 subjects were in fact scored as
‘‘independent’’ walkers at this time (follow far right branch). Vice versa, the general assumption that subjects with tetra-
paresis and both scores below the threshold would need assistance for ambulation 6 months after injury, appears correct since
all of the patients in this subgroup (14 out of 14) were indeed scored as ‘‘dependent’’ walkers. The insets show detailed WISCI
II scores and walking velocity during the 6minWT for subjects with tetraparesis who did not recover ‘‘independent’’ or
‘‘functional’’ walking capacity and were revealed by the algorithms. These latter subgroups could be targeted for early intense
rehabilitation and interventional treatments. Numbers indicate the amount of subjects categorized for each branch.
Outcome prediction in motor incomplete
spinal cord injury
A broad range of different factors such as neurological
deficit, age, gender, and electrophysiological measurements
have been shown in previous studies to be closely related to
functional outcome and, in particular, to walking ability after
SCI (Burns et al., 1997; Crozier et al., 1991; Curt and Dietz,
1999; Daverat et al., 1988; Jacobs et al., 1995; Kay et al., 2007;
Scivoletto et al., 2003; Sipski et al., 2004; Waters, 1996). The
general characteristics of our patients, such as neurological
level of injury, type of injury, or gender (predominantly men),
were similar to these studies, although the mean age of 47.3
years in this study was slightly higher. In the literature, the
importance of early clinical examination for outcome predic-
tion is highly emphasized (Kirshblum and O’Connor, 1998,
2000; Waters, 1996). Motor scores, in particular the LEMS,
have been shown to correlate with and are predictive for
ambulatory outcome (Curt et al., 1998; Waters et al., 1994).
Preserved PP sensation was shown to be associated with
the recovery of motor function (Crozier et al., 1991; Oleson
et al., 2005). Studies on subjects with miSCI that assess the
significance of combined clinical parameters to improve the
predictability of ambulatory function do not exist. A com-
prehensive examination of this approach is, however, of im-
portance. Nevertheless, it has to be taken into consideration
that a combination of correlated predictors might not neces-
sarily improve prediction, as they might provide the same,
possibly redundant, information. Approaches using multiple
correlations do not account for such redundancy. Therefore,
we used multiple logistic regression, which is considered the
gold standard for developing predictive models, in addition
to multiple correlation analysis, which is more commonly
used in the literature (Burnett et al., 2000; Eftekhar et al., 2005;
Linder et al., 2006; Rowland et al., 1998). Both types of ana-
lyses were performed independently from each other to
demonstrate similarities and=or differences of the results. On
the one hand, for subjects with tetraparesis, we found that
the LEMS was strongly correlated with the walking-test out-
come and was also identified by the logistic regression as the
best single predictor for later walking performance, demon-
strating its importance for outcome prediction by two inde-
pendent statistical approaches. On the other hand, the
logistic-regression approach revealed that improved predic-
tion is not simply achieved by combining the two measures
that show the strongest correlation with the walking-tests
outcome (see Fig. 2 and Supplementary Table [see online
supplementary material at http:==www.liebertonline.com]).
Logistic regression analysis followed by a ranking procedure
(DAICc) provided the first evidence that the combination of
the LEMS with another predictor, such as PP, tSSEP, AIS, or
age, considerably increased outcome prediction in miSCI. The
importance of tSSEP for walking-outcome prediction can be
explained by the fact that tSSEPs provide information about
the functional integrity of the dorsal columns, which is crucial
for movement control and locomotion. However, why tSSEPs
were more predictive than LT remains debatable. Stimulation
of both proprioceptive and exteroceptive afferent fibers con-
tribute to the tSSEP signal, while the LT gives only informa-
tion about exteroception. Although subjective responses to LT
are likewise dependent on posterior cord function, tSSEP re-
cordings might be more objective andmore sensitive to subtle
nerve-fiber damage (Curt and Dietz, 1997, 1999). In addition,
LT represents rather gross measures with only three levels of
discrimination.
For outcome prediction, in particular for the 6minWT, it has
to be emphasized that usually 90% of the subjects were al-
ready correctly categorized by using only the LEMS as a
classification parameter, except for subjects with paraparesis
in the WISCI-II-based analysis (only 67%), indicating that the
contribution of the second predictor in the combined models
was minor but nevertheless significant. This can be explained
by the inherent properties of this approach, i.e., the first pre-
dictor in the model accounts for most of the outcome vari-
ability, whilst the contribution of the second variable is
typically smaller. However, using only the strongest predic-
tor, the LEMS, in the algorithms led to a less homogenous
distribution of ‘‘independent or functional’’ and ‘‘dependent
or non-functional’’ walkers in the branches of the algorithms
that suggest either a favourable or unfavourable outcome
(algorithms not shown). In addition, the presented algorithms
can easily be reduced to a one-predictor algorithm, if required,
by simply summing the numbers of subjects with either good
or poor outcome for each branch generated by the additional
predictor.
The result of the 6minWT-based analysis, which demon-
strated that the best model for outcome prediction in subjects
with tetraparesis combined LEMS and AIS, might be sur-
prising, since for both scores, examination of the strength of
defined key muscles is crucial but rated and evaluated very
differentially (see ASIA standards, Marino et al., 2003).
Adding information about whether more than half of the key
muscles below the NLI have a muscle grade < or 3 (AIS) to
the sum of the grades of the lower extremity key muscles
(LEMS) increased the percentage of correctly classified sub-
jects from 90 to 100%.
As reported previously by others (Kim et al., 2004), we
found that outcome prediction was less successful in subjects
with paraparesis, in particular for those with poor functional
outcome, than in individuals with tetraparesis. This suggests
that other factors not investigated in this study might be
crucial for prediction of ambulatory capacity in subjects with
paraparesis. Additional measurements, such asmotor evoked
potentials or MR imaging, for which a prognostic value has
been demonstrated (Curt et al., 1998; Flanders et al., 1996,
1999; Metz et al., 2000; Miyanji et al., 2007; Silberstein et al.,
1992) might be included in further studies to improve pre-
diction in individuals with paraparesis.
The decision to convert the walking-test outcome into a
dichotomous outcome measure (‘‘dependent’’ vs. ‘‘indepen-
dent’’ walkers or ‘‘non-functional’’ vs. ‘‘functional’’ walkers)
might oversimplify the complexity of the recovery pattern of
walking after miSCI. However, it was used because it is
simple and obvious to both patients and clinicians. In addi-
tion, the goal of the study was not to describe precisely the
course and outcome of subjects after SCI; insteadwe aimed for
a rather abstract approach that guides outcome prediction
and allows simple stratification of subjects with incomplete
SCI. The final decision to include or exclude a subject from a
clinical study is usually either positive or negative and ulti-
mately dichotomous; that is, at some point in the recruitment
process for a clinical trial, data reduction has to take place. In
this study, two different walking tests were used as outcome
measures describing and evaluating different characteristics
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of the subject’s walking capability after SCI. Both are widely
applied and accepted in SCI rehabilitation centres. Selection of
one of these walking tests as a primary outcome measure, as
well as the corresponding threshold, depends on the aim of a
given clinical trial or the type of outcome prediction a clinician
wants to make. Nevertheless, there was a high correlation
between both walking tests, at least for subjects with tetra-
paresis, and results of the logistic regression analyses were
highly similar for both tests.
Time window for acquisition of predictive data
The time point of predictor assessment is of particular im-
portance with respect to clinical care and trials (Tuszynski
et al., 2007). Here, we chose the subacute post-injury phase
(16–40 days after injury) for data collection, since clinical
measurements are considered very reliable at 1 month after
injury (Waters, 1996). We acknowledge that in several trans-
lational studies predictive measures need to be obtained at
earlier time points (<16 days), as therapeutic interventions
might start early (3–14 days) or almost immediately (1–2
days) after trauma (Dietz and Curt, 2006). Since SSEP re-
cordings are less dependent on the active cooperation of the
patient and even feasible during surgery, they might be ap-
plicable at early time points after injury as objective and re-
liable predictors in miSCI (Curt and Dietz, 1997; Curt et al.,
2008; Deletis and Sala, 2008; Grundy and Friedman, 1987;
Houlden et al., 1992; Kelleher et al., 2008). A similar approach
represents motor-evoked potentials (MEPs), where initial
assessments can either be performed in awake and coopera-
tive patients or under anesthetics as developed for in-
traoperativemonitoring (Deletis and Sala, 2008; Kelleher et al.,
2008).
Patient stratification for clinical trials in motor
incomplete spinal cord injury
In accordance with the literature, the majority of the sub-
jects with miSCI in this study showed excellent spontaneous
recovery of walking function (Bosch et al., 1971; Burns et al.,
1997; Dobkin et al., 2007; Geisler et al., 2001; Maynard et al.,
1979). However, the high standard deviations forwalking-test
results should be noted, as they challenge the execution of
clinical trials in miSCI (Fawcett et al., 2007). After simple
randomization, putative treatment effects might be diluted by
large within-group variability. Posthoc statistical analysis of
subgroups that compensates for outcome variability is con-
sidered problematic with respect to bias and the guidelines of
good clinical practice (Geisler et al., 2001). A better strategy
might involve early patient stratification by using in- and
exclusion criteria that are strong predictors of functional
outcome (Tuszynski et al., 2007). However, only a limited
number of predictors can be considered in the study design,
since a large amount of exclusion criteria might hinder patient
recruitment and reasonable sample sizes. To avoid expensive
and time-consuming screening protocols, combinations of a
few potent and complementary predictors are required for
efficient patient stratification. We demonstrated that only two
predictors are required to achieve 92–100% correct predictions
in subjects with tetraparesis. Adding a third predictive mea-
sure resulted in either no or only a small increase in correct
predictions (not shown), but would, however, amplify the
number of patient subgroups, each with reduced sample
sizes, in a clinical trial. An advantage of our approach is that
the thresholds in the two proposed algorithms were based on
clinical data and not theoretical assumptions. For the WISCI-
II-based classification, using LEMS and tSSEP as predictors,
the algorithm selected 14 of 24 subjects with tetraparesis and
poor functional outcome; nine of these scored 0 on the WISCI
II scale. The 6minWT-based algorithm gathered 14 from 21
non-functional walkers with tetraparesis. We suggest that
these subjects withmiSCI would be suitable for interventional
clinical trials aiming at functional improvement through the
enhancement of neural repair and plasticity (Bradbury and
McMahon, 2006; Buchli et al., 2007). Clearly, this approach
affects patient recruitment, since only a third of the subjects
with tetraparesis would be eligible trial candidates. However,
the classification system promises a more homogenous study
population and a higher sensitivity with respect to potential
treatment effects.
Study limitations and perspectives
A limitation of the present study is that we have focused on
the first 6 months after injury, and thus further improvement
of walking function might occur after this time period
(Kirshblum et al., 2004). Long-term follow-up studies are re-
quired to confirm these results. Furthermore, future investi-
gations should attempt to improve the predictability of other
outcome measures that are important for activities of daily
living (Anderson, 2004). A possible divergent outcome of
patients with specific clinical SCI syndromes, e.g., central cord
or Brown-Se´quard syndrome, was not addressed. Brown-
Se´quard syndrome was shown to have the best outcome
prognosis with regard to walking capacity after injury (W.
McKinley et al., 2007). In addition, we did not distinguish
between subjects affected by traumatic or non-traumatic SCI.
Although the initial neurological deficits and the general
course of functional recovery were shown to be similar (Iseli
et al., 1999; W.O. McKinley et al., 2000, 2001), however, we
cannot exclude that the value of individual predictive mea-
sures for reliable outcome prognosis differs between the two
patient groups. Future perspectives include the validation of
the algorithm by applying the classification system to other
miSCI populations.
Conclusion
The prediction ofwalking outcome aftermiSCI is improved
by combining different measures obtained in the subacute
phase after injury. The proposed clinical algorithms represent
a method to enable an early patient stratification for clinical
trials in miSCI. However, this approach needs further con-
firmation in independent patient cohorts.
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